Synopsis Bilaterian photoreceptor cells are characterized by the expression of opsins, signal transduction genes, and ion channels, which together facilitate behavioral responses to light. We have previously identified a ciliary opsin gene from the brachiopod Terebratalia transversa, whose expression in gastrula stage embryos coincides with a photoresponse behavior, suggesting the presence of a functional phototransduction system in these early embryos. To further evaluate the potential for light reception in these embryos, we surveyed transcriptome data to identify phototransduction genes and evaluated their expression. In addition to the previously described ciliary opsin gene, we have identified two Go-class opsins that are also expressed in gastrula stage embryos. Representative members from all classes of G-protein genes were also expressed, with a G 12 -class gene being localized in the same anterior ectodermal domain as the opsin transcripts. Both CNG-class and TRP-class ion channels were expressed in the gastrula stage embryos, as were GRK and arrestin genes, which are associated with inhibition of rhodopsin activity. Taken together, these data support the presence of a functional phototransduction system in the early brachiopod embryo.
Introduction
Photoreceptor cells in bilaterian animals generally are described as being divided among two classes, ciliary photoreceptor cells and rhabdomeric photoreceptor cells. This distinction was initially based on the morphology of cell membrane elaborations that facilitate photosensitivity by increasing the area containing membrane-bound phototransduction molecules (Eakin 1963) . Ciliary photoreceptors, such as the rods and cones of the vertebrate eye, have elaborations of the ciliary membrane, while rhabdomeric photoreceptors, which are present in the eyes of most protostomes, have densely packed microvilli (Eakin 1979) . Consistent with this separation, it has been shown that the two types of photoreceptors generally express distinct classes of pigment molecules, the eponymously named ciliary and rhabdomeric opsins, respectively (Arendt 2003) . In both types of cells, opsin protein binds the chromophore 11-cis retinal to form the photosensitive molecule called rhodopsin (Shichida and Matsuyama 2009 ). In addition to using different opsins, ciliary and rhabdomeric photoreceptors have also been shown to generally use distinct phototransduction cascades and ion channels (Yau and Hardie 2009) . Given that ciliary and rhabdomeric photoreceptors displaying many of these features have been identified both in protostome and in deuterostome lineages, it has been hypothesized that the two cell types have been evolutionarily conserved, and at a minimum were present and distinct in the most recent common ancestor of bilaterians (Nilsson and Arendt 2008) .
In a previous study, we presented unexpected expression of a ciliary opsin gene during the early stages of development in the embryo of the brachiopod Terebratalia transversa (Passamaneck et al. 2011) . Expression of this opsin gene, termed Tt.c-opsin, was observed in the anterior neurogenic ectoderm of gastrula stages prior to evidence of neural differentiation. This is in contrast to data on opsin expression from other systems, in which opsins have been shown to be expressed in differentiated neurons. Despite this, the early expression of Tt.c-opsin correlated with photoresponsive behavior by the embryo, with embryos aggregating in proximity to a directional light source (Passamaneck et al. 2011) . To evaluate the potential for the presence of a functional phototransduction cascade in these cells, and its relationship to the ciliary and rhabdomeric systems in other taxa, we identified additional transcripts of conserved components of these systems and characterized their expression. Our results show that there is an unexpectedly complex pattern of deployment of multiple phototransduction genes in early embryos, including the co-expression of several genes in a subset of cells. This expression suggests that early embryos possess components of the phototransduction pathway that are necessary for integrating photic cues that regulate behavior.
Materials and methods

Biological material
Adult T. transversa were collected by dredge in November 2011 and October 2012 from San Juan Channel, between Friday Harbor Laboratories and Shaw Island. In vitro fertilization and rearing of embryos were performed as previously described (Passamaneck et al. 2011) . Embryos were fixed at the bilateral gastrula stage (approximately 36 h post-fertilization) for subsequent in situ hybridization. Embryos of representative stages from gastrulation to larval competence were stored in RNALater (Ambion, USA) for subsequent isolation of RNA.
Cloning and gene orthology
Mixed-stage RNA (gastrula to premetamorphic larval stages) from T. transversa was used for transcriptome sequencing. 180 bp inserts were prepared, and one lane of 100 bp paired-end reads was sequenced on an Illumina HiSeq sequencer at GeneCore EMBL. Transcriptome assembly was performed using the Agalma software package, version 0.2.1 (Smith et al. 2011) . Candidate phototransduction cascade genes were identified by reciprocal BLAST searches using multiple sequences of gene families from a variety of taxa as bait. Gene orthology assignments were determined by phylogenetic reconstruction (described in Supplementary data). cDNA for genes of interest was cloned with gene-specific primers, with 5 0 and 3 0 RACE performed for genes with contig lengths shorter than 1000 bp in the transcriptome assembly.
In situ hybridization
Chromagenic in situ hybridization detection of transcript expression with NBT/BCIP was performed as previously described for Terebratalia embryos (Passamaneck et al. 2011) . Two-color fluorescent in situ hybridization followed the protocol of Passamaneck et al. (2011) , with the modification that TSA-fluorescein and TSA-Cy3 substrates were generated by conjugating Fluorescein-NHS ester (Pierce Biotechnology, USA) or Cy3-NHS ester (Amersham Biosciences, USA) with tyramide (Sigma Aldrich, USA).
Results
Opsins
Reciprocal BLAST searches of a Terebratalia mixedstage transcriptome data assembly identified four putative opsin genes. Sequence for one of the putative opsins in the transcriptome dataset matched that of a ciliary opsin previously cloned from Terebratalia cDNA by degenerate and RACE PCR (Passamaneck et al. 2011 ). The three additional opsin genes present in the transcriptome were cloned, and phylogenetic analyses were performed to evaluate their relationship to opsin genes from other taxa ( Supplementary Fig. S1 ). Two of the newly cloned opsins were identified as most closely related to Go-class opsins from scallop and amphioxus (named Tt.Go-opsin1 and Tt.Go-opsin2), while the third opsin clustered with the rhabdomeric opsins (named Tt.r-opsin).
As previously reported, the ciliary opsin gene Tt.c-opsin was found to be expressed specifically in an anterior dorsal ectodermal domain of the bilaterally symmetrical gastrula stage ( Fig. 1A and D) . The two Go-class opsins identified from the transcriptome are both also expressed in the bilateral gastrula stage, although each has an expression pattern distinct from that of Tt-c-opsin and from each other. Tt.Go-opsin1 is expressed in the same anterior dorsal ectodermal region as Tt.c-opsin, but while the domain of Tt.c-opsin is uniform across its expression domain, that of Tt.Go-opsin1 is punctate, being confined to only a subset of Tt.c-opsin-expressing cells. Tt.Go-opsin2 showed expression in a ring of ciliated cells in the dorsal anterior ectoderm, surrounding, and absent from, the more medial expression domains of Tt-c-opsin and Tt.Go-opsin1. The rhabdomeric opsin (Tt.r-opsin) identified from the transcriptome and cloned showed no detectable expression in bilateral gastrula stage embryos (data not shown).
G protein subunits
The G subunit is part of the heteromeric G-protein complex that initiates intracellular signal transduction following photoactivation of the rhodopsin molecule with which the complex is associated. BLAST analysis of the Terebratalia transcriptome identified eight putative G subunit genes. Phylogenetic analysis revealed that this set of Terebratalia G transcripts included members of all five known classes of bilaterian G subunit genes (G i/o , G q , G s , G 12 , and G v ; Supplementary Fig. S2 ). Two of the Terebratalia transcripts clustered with the G i/o clade. One of these transcripts, Tt.G i , grouped closely with the G i genes, including the so-called G t or transducin genes that are expressed in the ciliary photoreceptor cells (rods and cones) of vertebrate eyes. The other transcript, Tt.G o , appears to be an ortholog of the G o subunit genes, including the scallop Mizuhopecten G o , which is expressed in the ciliary photoreceptor cells of eyes located on the edge of the mantle. One member of the G q class, named Tt.G q , was identified. Two transcripts that clustered with members of the G s were named Tt.G s 1 and Tt.G s 2, respectively. Two transcripts that clustered with members of the G 12 -class were named Tt.G 12 a and Tt.G 12 b, respectively. One transcript was found to group with members of the recently identified G v class and was named Tt.G v .
Six of the eight G genes were found to have expression in the bilateral gastrula stage, including representatives of each of the five major classes. Tt.G i shows nearly ubiquitous expression throughout the embryo with the notable exception that expression was absent from the dorsal anterior region where Tt.c-opsin and Tt.Go-opsin1 are expressed ( Fig. 2A  and G) . Tt.G o shows ubiquitous expression throughout the embryo, with higher expression localized to the anterior dorsal ectoderm ( Fig. 2B and H) . Tt.G q ( Fig. 2C and I ), Tt.G s 1 (Fig. 2D and J) , and Tt.G v ( Fig. 2E and K) each show rather ubiquitous expression throughout the embryo, with expression from the Tt.G v probe being comparatively weaker. Tt.G 12 a was the only G transcript to display localized expression, with a distinct domain in the dorsal anterior ectoderm, corresponding to that of Tt.c-opsin (Fig. 2F and K) . 
GRK and arrestin
G protein receptor kinase (GRK) and arrestin each play roles in inhibition of signaling, following the activation of opsin. Following photoactivation of rhodopsin in both ciliary and rhabdomeric photoreceptor cells, intracellular residues of the opsin protein are phosphorylated by GRK (often referred to as rhodopsin kinase when expressed in photoreceptors). This phosphorylation facilitates binding of arrestin to opsin, which in turn causes deactivation of rhodopsin and inhibits signal transduction through the heteromeric G-protein complex. Two GRK transcripts were identified from the Terebratalia transcriptome and named Tt.GRKa and Tt.GRKb (Supplementary Fig. 3 ). Both GRK genes showed expression in the bilateral stage embryo. Tt.GRKb is expressed specifically in the anterior dorsal ectoderm ( Fig. 3A and D) . The domain of expression is broader than those of Tt.c-opsin and Tt.Go-opsin1, overlapping the expression domains of both these opsin genes, as well as that of Go-opsin2. Tt.GRKb is expressed in the anterior dorsal ectoderm, but is limited to a subset of cells, similar to the expression pattern of Tt.Go-opsin1 ( Fig. 3B and E) . Tt.GRKa also shows a more posterior domain of expression in the lateral ectoderm. This expression domain is situated in the region that will form the posterior of the apical lobe in the larva.
A single member of the ''visual'' -arrestin family was identified from the Terebratalia transcriptome and was named Tt.arrestin ( Supplementary Fig.  S4 ). Tt.arrestin is likewise expressed in the anterior dorsal ectoderm of the bilateral gastrula, in a domain overlapping those of Tt.c-opsin and Tt.Go-opsin1 ( Fig. 3C and F) . Tt.arrestin also shows faint expression in the invaginated endomesoderm, in a ring of cells at the margin of the archenteron roof, at the boundary between endoderm and mesoderm formation.
Ion channels
Ciliary and rhabdomeric photoreceptor cells have been characterized as utilizing distinct ion channels in the phototransduction cascades that depolarize or hyperpolarize photoreceptor cells in response to photoactivation. Cyclic nucleotide-gated channels (CNGs) are used by ciliary photoreceptor cells in the retina of the vertebrate eye, while transient receptor potential channels (TRPs) are used in the rhabdomeric photoreceptor cells of the Drosophila eye. Three putative CNG channels were identified from the Terebratalia transcritpome and named Tt.CNG1, Tt.CNG2, and Tt.CNG3. Only a partial 3 0 fragment of the Tt.CNG1 CDS was cloned ( Supplementary Fig. S5) ; however, the inferred amino acid sequence shows high conservation with the N-terminus of CNG channels from other protostomes ( Supplementary Fig. S6 ), supporting its homology. Tt.CNG1 shows ubiquitous expression throughout the embryo at the bilateral gastrula stage (Fig. 4A and C) , while no expression was detected for either Tt.CNG2 or Tt.CNG3 at this stage (data not shown).
One TRP transcript was identified which is a member of the TRPC clade of the TRP gene family, which includes the TRP and TRPL genes expressed in the Drosophila eye, and was named Tt.TRPC (Supplementary Fig. S7 ). The peptide sequence predicted from the Tt.TRPC CDS shows a protein domain organization very similar to that of TRPC orthologs from Drosophila and vertebrates ( Supplementary Fig. S8 ), including sequence conservation in the TRP box domain (Supplementary Fig.  S9 ). Tt.TRPC is specifically expressed in the anterior dorsal ectoderm of the bilateral gastrula stage ( Fig. 4B and D) . It is expressed in a subset of cells in this region, in a pattern similar to that of Tt.Goopsin1 and Tt.GRKa. Fluorescent in situ hybridization with two riboprobes showed that this localized expression of Tt.TRPC co-localizes with the transcripts of both Tt.Go-opsin1 (Fig. 5A and C) and Tt.GRKa (Fig. 5D-F) .
Discussion
Multiple opsins are expressed in the gastrula stage embryo A single opsin gene was previously isolated from Terebratalia and was shown to be expressed at gastrula stages in the presumptive neuroectoderm (Passamaneck et al. 2011) . In the present study we identified two Go-class opsins from Terebratalia identified from transcriptome data and have shown that both are likewise expressed in the presumptive neuroectoderm. However, each of these Go-class opsin genes has a unique expression pattern compared with the previously described Tt.c-opsin (Passamaneck et al. 2011) . Tt.Go-opsin1 overlaps with Tt.c-opsin in the medial anterior ectoderm, but is only in a subset of non-contiguous cells, while Tt.Go-opsin2 is expressed in a ring of ciliated cells surrounding the expression domains of both the opsin genes.
These results suggest the presence of three distinct types of photoreceptive cells in the Teretratalia gastrula, based upon opsin expression patterns: medial anterior cells that express Tt.c-opsin, a subset of these cells that also co-express Tt.Go-opsin1, and a ring of cells surrounding these medial cells that express Tt.Go-opsin2. Generally, opsins have been shown to be expressed in a cell-type-specific manner. Both in the retina of the vertebrate eye and in the ommatidia of insect compound eyes, individual photoreceptor cells are generally characterized as expressing a single opsin with a specific spectral sensitivity. Co-expression of opsins is not, however, unprecedented. Although most cells in the Drosophila compound eye express a single opsin, a subset of the ommatidia have photoreceptor cells that co-express the rhabdomeric opsins rh3 and rh4 (Mazzoni et al. 2008) . Likewise, rhadomeric opsins have been shown to be co-expressed in the ommatidia of butterflies' eyes (Kitamoto et al. 1998 ) and in photoreceptor cells of both the ventral and lateral eyes in the chelicerate Limulus (Katti et al. 2010) . The ciliary photoreceptors of the vertebrate eye are likewise generally considered to express a single type of opsin per individual cell; however, several rodent models have been shown to have opsin co-expression in a subset of the retina (Röhlich et al. 1994; Glösmann and Ahnelt 2002) . In each of these cases, the co-expressed opsins are members of the same family of opsins, rhabdomeric in arthropods and ciliary in mammals. Our results in the Terebratalia gastrula are unique in that the co-expressed opsins are representatives of two distinct classes of opsin genes, the ciliary opsins and the Go/RGR opsins.
Expression of the G subunit in the gastrula
The G subunit is part of the heteromeric G-protein complex, which directly interact with rhodopsin and initiates the intracellular signal transduction cascade following photoactivation of rhodopsin (Kisselev et al. 1998) . In rhabdomeric photoreceptors, rhabdomeric opsins are coupled to G q -class G proteins. This association has been demonstrated in rhabdomeric photoreceptors from a wide variety of taxa, including arthropods, cephalopods, and amphioxus (Lee et al. 1994; Bhatia et al. 1996; Koyanagi et al. 2005) . G q is also associated with rhabdomeric opsin (melanopsin) in the photosensitive retinal ganglion cells of vertebrates, which have been homologized to the rhabdomeric photoreceptor cells in other taxa, although they lack microvillar membrane extensions (Graham et al. 2008) . Ciliary photoreceptors, in contrast, show greater diversity in the types of G proteins utilized. In the rods and cones of the vertebrate retina, ciliary opsins are coupled to G t , or transducins, a subset of the G i class that appear to be the product of lineage-specific genome duplications (Lerea et al. 1986; Yoshida et al. 2002) . However, the presence of ciliary opsins and G i genes in the ciliary opsins in tunicates (Kusakabe et al. 2001; Yoshida et al. 2002) and amphioxus (Vopalensky et al. 2012 ) suggest a more ancient origin for this phototransduction pathway. Expression of ciliary opsins in ciliary photoreceptors has also been demonstrated in the central nervous systems of annelids (Arendt et al. 2004 ) and honeybees (Velarde et al. 2005) , and in the larval eyes of Terebratalia (Passamaneck et al. 2011 ), but data are not available for G expression in these systems. In the eyes on the edge of the mantles of scallops, the ciliary photoreceptors express a Go-class opsin, rather than a ciliary opsin, which was so named for its association with a G o protein (Kojima et al. 1997; Martin 2004; Kozmik et al. 2008) . The image-forming eyes of cubozoan cnidarians also contain ciliary photoreceptors (Yamasu and Yoshida 1976 ). These cells have been shown to utilize a G s class protein (Koyanagi et al. 2008) , although the exact relationship of the opsin in these cells to the opsin classes in bilaterians remains controversial.
In the Terebratalia gastrula, representative members of almost all the major classes of G protein show widespread expression. Such widespread expression is perhaps not surprising given that individual G proteins generally interact with a variety of GPCRs in a range of tissues. The specific absence of G i transcript for the anterior medial region of the embryos suggest that it is likely not the G protein facilitating phototransduction by the two opsins expressed in this region, Tt.c-opsin and Tt.Go-opsin1. The expression of Tt.G 12 is intriguing in that it is the only G gene with localized expression, and its domain of expression is the same as that of Tt.c-opsin. G 12 proteins have not been previously reported to interact with opsins; however, its potential interaction with Tt.c-opsin and/or Tt.Go-opsin1 provides an interesting possibility for future biochemical work based on our expression data.
The outcome of rhodopsin photoactivation and initiation of the phototransduction cascade is generally the opening or closing of an ion channel, leading to a change in the membrane potential of the photoreceptor cell. Rhabdomeric photoreceptor cells show a conserved use of the canonical-class of transient receptor potential channels, with examples in arthropods and cephalopods (Montell and Rubin 1989; Monk et al. 1996) , as well as in the retinal ganglion cells of the vertebrate eye (Warren et al. 2006) . Ciliary photoreceptor cells, in contrast, show a conserved use of CNG channels. CNG channels have been identified not only from the rods and cones of the vertebrate eye but also appear to function in the ciliary photoreceptors of scallops' eyes (Gomez and Nasi 2005) , which utilize a Go-class opsin (Kojima et al. 1997) . Utilization of CNGs in the phototransduction cascade appears to predate the origin of bilaterian animals, as it has also been shown in the cnidarian Hydra to be co-expressed with an opsin gene and to regulate light-mediated behaviors (Plachetzki et al. 2010 (Plachetzki et al. , 2012 . The broad expression of Tt.CNG1 in the Terebratalia bilateral gastrula suggests that it may play a role in photoresponse, as its domain of expression appears to overlap those of both the ciliary and Go opsins at this stage. More surprising is the localized expression of Tt.TRPC in the medial anterior ectodermal cells. Although TRP channels play a wide variety of roles, the expression of Tt.TRPC in the same domain as Tt.c-opsin and/or Tt.Go-opsin1 is intriguing, as TRP channels have not previously been shown to be involved in phototransduction by either ciliary or Go-class opsins.
Deactivation of rhodopsin
An important feature of photoactivation systems is the inhibition of signaling to respond to a cessation of the light stimulus, or to adapt to a persistent stimulus. Photoreceptors use a conserved two-step system to inhibit rhodopsin activity. Activated rhodopsin is first phosphorylated by a G-protein-coupled receptor kinase (GRK) (Shishi and Somers 1978; Lee et al. 2004 ). These phosphorylated sites allow binding of arrestin, which prevents further signaling from occurring through the heteromeric Gprotein complex (Wilden et al. 1986; Bennett and Sitaramayya 1988; Dolph et al. 1993; Ranganathan and Stevens 1995; Gomez et al. 2011 ). The two GRKs identified for Terebratalia, Tt.GRKa and Tt.GRKb, correspond to the two families of GRKs in metazoans. In the vertebrate eye, phosphorylation of rhodopsin is mediated by members of the GRK1/7 clade, a lineage-specific class within the larger GRKa clade (Mushegian et al. 2012) . In contrast, those photoreceptor-specific GRKs that have been identified from protostomes (i.e. Drosophila and cephalopods) are members of the GRKb clade, which includes the -adrenergic receptor kinases in vertebrates (GRK2 and GRK3) (Kikkawa et al. 1998; Lee et al. 2004 ). The localized expression of Tt.GRKa and Tt.GRKb in the anterior medial ectoderm of the bilateral gastrula, overlapping the expression domains of Tt.c-opsin, Tt.Go-opsin1, and Tt.Goopsin2, suggests that members of both clades may have roles in phosphorylating opsins in this system. Both in vertebrates and invertebrates, phosphorylated opsin molecules are bound specifically by members of the , or visual, clade of arrestins (Alvarez 2008) . The single -arrestin isolated from Terebratalia shows localized expression in the anterior medial ectoderm of the bilateral gastrula, overlapping the domains of Tt.c-opsin and Tt.Go-opsin1. Together, these data suggest that GRKs and -arrestin both are expressed in the bilateral gastrula in a manner consistent with roles in the regulation of opsin activity.
A subset of cells with a unique phototransduction gene transcript signature Two-color fluorescent in situ experiments demonstrated that Tt.Go-opsin1, Tt.GRKa, and Tt.TRPC are co-expressed in a subset of cells within the anterior medial ectoderm. This co-expression suggests the intriguing possibility that these genes may interact as part of a phototransduction pathway within these cells. Such a phototransduction cascade would differ from those that have been described from photoreceptor cells in other systems. Expression of TRPC-class ion channels has been demonstrated in the rhabdomeric photoreceptors of arthropods and cephalopods, where it is associated with expression of rhabdomeric opsins. Although we isolated a rhabdomeric opsin from Terebratalia, we have not found it to be expressed in the bilateral gastrula. The co-expression of a TRPC-class channel and a Goclass opsin is unexpected, as the closely related scallop Go-opsin is expressed in ciliary photoreceptor cells (Kojima et al. 1997 ) that appear to utilize CNG channels (Gomez and Nasi 2005) . The broad expression domain of Tt.G q includes the Tt.TRPC expressing cells, suggesting that they may potentially employ a G q /phospholipase C (PLC)/TRPC phototransduction cascade as is observed in the rhabdomeric photoreceptors (Bloomquist et al. 1988; Montell and Rubin 1989; Scott et al. 1995) . However, as noted above, we observed no expression of the rhabdomeric opsin, Tt.r-opsin, which would be expected to initiate such a pathway. Further investigation will be required to determine whether other components of the pathway are present and to assess any potential functional interaction between Go opsin and TRPC in these cells.
The significance of expression of a GRKa-class kinase in these cells is also uncertain. Previously, photoreceptor-specific expression of GRK kinases in invertebrates has been demonstrated only in rhabdomeric photoreceptors, where members of the GRKbclass have been shown to be expressed. In contrast, the ciliary photoreceptors of the vertebrate eye have been shown to express lineage-specific members of the GRKa-class. Additional sampling will be required to determine whether the pattern of utilization of these two GRK classes carries a phylogenetic signature of the evolution of the ciliary rhabdomeric cell-type.
